All cytoplasmic protein-tyrosine kinases (PTKs) share a noncatalytic domain, termed SH2, which comprises 100 residues located immediately N-terminal to the kinase domain. A linker in the AX9m mutant ofFujinami avian sarcoma virus (FSV) introduces a dipeptide insertion into the SH2 domain of the Pl30wfPs PTK, which abolishes its ability to transform Rat-2 cells. However, at 36C AX9m FSV elicits focus formation and agar colony formation in infected chicken embryo fibroblasts (CEF) with single hit kinetics. At 41.50C AX9m FSV is nontransforming for CEF, and the mutant is therefore both host and temperature dependent for transforming activity. Both in vitro and in vivo, the specific kinase activity of AX9m FSV P1309ag-fPs, measured by autophosphorylation and phosphorylation of exogenous substrates, correlated with transforming activity. The consequences ofthe AX9m mutation for enzymatic function and transforming activity therefore depend on the cellular environment in which the altered v-fps protein is expressed. We conclude that the SH2 domain directs the interaction of the P13DOWfP catalytic domain with cellular proteins such as substrates for phosphorylation or regulators of kinase activity important for its transforming ability.
SH2 domain of the Pl30wfPs PTK, which abolishes its ability to transform Rat-2 cells. However, at 36C AX9m FSV elicits focus formation and agar colony formation in infected chicken embryo fibroblasts (CEF) with single hit kinetics. At 41.50C AX9m FSV is nontransforming for CEF, and the mutant is therefore both host and temperature dependent for transforming activity. Both in vitro and in vivo, the specific kinase activity of AX9m FSV P1309ag-fPs, measured by autophosphorylation and phosphorylation of exogenous substrates, correlated with transforming activity. The consequences ofthe AX9m mutation for enzymatic function and transforming activity therefore depend on the cellular environment in which the altered v-fps protein is expressed. We conclude that the SH2 domain directs the interaction of the P13DOWfP catalytic domain with cellular proteins such as substrates for phosphorylation or regulators of kinase activity important for its transforming ability.
A large group of viral and cellular oncogenes encode proteintyrosine kinases (PTKs) (1) . This class ofoncoproteins can be subdivided into glycosylated transmembrane kinases, and cytoplasmic kinases that are usually associated with the inner face of the plasma membrane (1, 2) . P130gag-fPs of Fujinami avian sarcoma virus (FSV) is a member of this second group (2, 3) .
The domain structure ofthe FSV P1309m-fPs tyrosine kinase has been probed by linker-insertion mutagenesis (4) and expression of v-fps-derived polypeptide fragments in bacteria (5) . The C-terminal 260 amino acids (residues 920-1182) of P130gag-fPs encode a catalytic kinase domain conserved among all PTKs, whose activity is essential for neoplastic transformation (1, (5) (6) (7) . The 100 amino acids N-terminal to the kinase domain form another domain (termed SH2), which is also conserved among the cytoplasmic group of PTKs (for details, see refs. 2 and 5), but which is dispensable for catalysis of protein tyrosine phoshorylation (5 (5, 6) ]. These mutant v-fps proteins were both transformation defective and displayed impaired kinase activity when expressed in Rat-2 cells. However, when expressed in bacteria, v-fps-derived polypeptides containing these mutations were found to be as active as the wild type in PTK activity (5) . These observations suggested that the SH2 domain directs the specific interaction of the kinase molecule with components of the eukaryotic cell that can in turn affect enzymatic activity.
In the present study, we demonstrate that one of these mutants transforms avian cells, despite being defective in Rat-2 cells. The mutant kinase activity also is partially restored when expressed in chicken fibroblasts, indicating that the SH2 domain influences kinase function and transforming capacity in a fashion dependent on the cellular environment. These findings suggest a general strategy for the identification of cellular elements required for oncogene function in vertebrate cells.
MATERIALS AND METHODS
Cells, Viruses, and Expression Vectors. C/E chicken embryo fibroblasts (CEF) and Rat-2 cell lines were cultured as described (2, 8) . The AX9m FSV mutant was created by the insertion of an Xho I linker as described (2) , resulting in the introduction of Leu-Glu between Glu-832 and Leu-833 of P130o-fPs. For high-level expression of P130m-fPs in Rat-2 cells, we used the pIV2 vector in which wild-type (wt) or AX9m FSV coding sequences are transcribed from the simian virus 40 early promoter, and the neomycin-resistance (neo9 selectable marker is expressed from a FSV long terminal repeat (2) . The NW16, NA1, and NA9 cell lines were isolated by transfection of Rat-2 cells with pIV2 (NW16) or AX9m-pIV2 (NA1, NA9) plasmids, respectively, followed by selection in G418 (400 ,ug/ml); the cells, which express equivalent levels of wt (NW16) or AX9m (NA1, NA9) FSV P130gwfPs, were maintained in G418 (100 Ag/ml) as described (2) . For rescue of wt or mutant FSV sequences as infectious avian virus we used the plasmid pJ2, which contains an intact linear FSV genome linked to a thymidine kinase selectable marker (4). Rat-2 cell lines that express either wt or AX9m FSV genomic RNA (designated A49-1 and AX9m-7-R2, respectively) were isolated and maintained in hypoxanthine/aminopterin/thymidine medium (4). The Rous sarcoma virus src deletion mutant tdNY106 (9) was used as a helper for virus rescue.
Infectious Center Assays with Cell Fusion Mixtures. A49-1 or AX9m-7-R2 cells were fused to monolayers of tdNY106-infected CEF (10) treated with mitomycin C and plated on indicator CEF as described (10, 11) . To prepare stocks of FSV (tdNY106) and AX9m-FSV(tdNY106), fresh monolayers of CEF were inoculated with picked infectious centers, and cells were passaged until fully transformed.
3-Deoxy-[3H]Glucose Uptake Assay. Hexose uptake was measured as described (12 (15) and of p36 with a rabbit antiserum (16) and analysis by NaDodSO4/PAGE were as described. To measure p36 phosphorylation, alkali treatment of the gels (17) were carried out as described (18 Increased hexose uptake is characteristic of CEF transformed by FSV (12, 19) . The rate of hexose uptake by Rat-2 cells expressing the AX9m v-fps gene was comparable to that exhibited by parental Rat-2 cells at both low and high temperatures ( Table 2 ). The AX9m FSV-infected CEF grown at 36°C showed a 2.2-fold increase compared to the helper virus-infected CEF at this temperature but displayed no increase at 41.5°C (Table 1) . These results are in agreement with the assays described above, and demonstrate transformation by the mutant AX9m v-fps gene to be both host and temperature dependent. The host-range phenotype of AX9m FSV is similar to that of a spontaneous mutant of Rous sarcoma virus, which has been described (20) .
Kinase Activity of AX9m P130gag fPs Is Modified by Different Cellular Environments. The expression of P130gag-fPs in Rat-2 and CEF was assessed by metabolic labeling with [35S]-methionine. Synthesis of P130gag-fPs in wt or AX9m FSVinfected CEF at 36°C or 41.5°C was equivalent (Fig. 2, lanes  1-6) and comparable to the expression of wt or AX9m P1309ag-fPs in Rat-2 cell lines (lanes 7-9). The AX9m mutation did not affect P130Pag-fPs stability, as judged by pulse-chase experiments in both avian and rat cells at high and low temperatures (ref. 2; I.S., unpublished results).
To assess the relative kinase activities of the AX9m and wt P130gag-fPs molecules, P130sag-fPs was immunoprecipitated from Rat-2 lines and infected CEF grown at low and high temperatures, and incubated with [y-32P]ATP in immune complex kinase reactions (Fig. 3) . The incorporation of 32p into P130gaO-fPs was corrected for the relative abundance of P130gag-fPs by immunoprecipitating P130gag-fPs from parallel cultures labeled with [35S]methionine and specific activities were calculated as described in Materials and Methods. The relative specific activity of the AX9m-P130919-fP1 kinase was compared to that of the wild-type P1305a5-fPS at the same temperature. In several separate experiments, the AX9m-P130gag-fps was found to be 2.5-fold more active (relative to the wild-type protein) when isolated from CEF at 36°C than when isolated from Rat-2 cells at 34°C (Taole 3). Mutant kinase activity was reduced in both CEF and Rat-2 cultured at the nonpermissive temperature (Fig. 3 , lanes 4 and 6; Table  3 ). Similar results were obtained when enolase was added as an exogenous substrate (Fig. 3) . These findings suggest that the host and temperature dependence of transformation by AX9m v-fps reflect, at least in part, the host and temperature dependence of the kinase activity of the mutant P130fag-fPs.
To examine the phosphorylation of AX9m P130gag-fPs in intact cells, Rat-2 lines or infected CEF were cultured at the low and high temperatures and labeled metabolically for 18 hr with 32p, or with [35S]methionine. P130gag-fPS was immunoprecipitated from both sets of lysates. The mutant protein was found to be more extensively phosphorylated in CEF at 36°C than in Rat-2 at 34°C (Table 4) . Thus, the higher specific activity of the mutant kinase isolated from CEF at 36°C correlates with increased phosphorylation in vivo. In both cell types, the in vivo phosphorylation of AX9m P130gag-fPs was reduced at the high temperature ( Table 4) .
As a further indicator of the in vivo kinase activity of P130gag-fPs, we examined the phosphorylation of the cellular substrate p36 by immunoprecipitating the protein from lysates of cells metabolically labeled with 32P; (1, 15) . The alkali-resistant 32p in p36 was divided by the relative abundance of the mutant or wild-type P1304ag-fPs. proteins such as tyrosine kinase targets or regulators, whose association with the adjacent kinase domain might modulate enzymatic function (2) .
The molecular basis for the AX9m FSV host-range phenotype is most readily explained by a structural difference between cognate chicken and rat SH2-binding proteins. Two general functions for the SH2 domain can be envisaged, which either separately or in conjunction would account for the phenotype of the AX9m FSV mutant. The simplest possibility is that the SH2 region is involved in the regulation of kinase function, for example by modifying enzymatic activity [e.g., by phosphorylation (21, 22) ], maintaining the native structure of the catalytic domain, or ensuring correct subcellular localization.
A second possibility is that SH2 forms part of a substrate recognition site whose association with a cellular target(s) is impaired by the AX9m insertion. According to this model the CEF target and the AX9m FSV P130gagfPs, both of avian origin, would interact normally at the permissive temperature, whereas the corresponding rat protein would not bind productively with the mutant P1304ag-fPS. The possible functions of SH2 presented above are not necessarily mutually exclusive. Previous data suggest that the SH2 region folds against the catalytic domain (refs. 2 (25) have recently described a "modulatory" N-terminal domain in p60vsrc that overlaps with the region of SH2 containing the AX9m mutation. This region is proposed to determine p60vsrc specificity for substrates involved in morphological changes and anchorage independence (24, 25) .
The identification of a host-range mutant created by insertional mutagenesis of the v-fps SH2 region allows a direct approach toward identifying cellular factors that participate in neoplastic transformation.
